| INTRODUCTION
All eukaryotic cells rely on a system that sorts transmembrane proteins to their different target compartments. Adaptor protein (AP) complexes are key players in this process. Comparable to cellular logistics companies, they act at specific post-Golgi membranes, where they can recognize and accumulate cargo destined to distinct target compartments. Understanding intracellular transport pathways, therefore, requires fundamental knowledge of the functions of all APs, as well as of the sorting determinants within the cargos they distribute throughout the cell.
Genes encoding the subunits of five AP complexes (AP1-AP5) have been identified in the Arabidopsis genome. [1] [2] [3] [4] [5] With the exception of trimeric Arabidopsis AP5, all other AP complexes are heterotetrameric, consisting of two large (γ/α/δ/ε/ζ and ß1-5), one medium (μ1-5) and one small (σ1-4) adaptin. 5, 6 Some adaptins occur in two or more isoforms. For example, AP1M1 and the more highly expressed AP1M2 code for μ-subunits of Arabidopsis AP1 with redundant functions. 7 Of all five AP complexes in plants, AP1, AP2
and AP3 have been studied most extensively. AP1 localizes to the trans-Golgi network (TGN) in Arabidopsis, and ap1m2 mutants show unbranched trichomes and defects in root growth, male fertility and cytokinesis. [7] [8] [9] [10] AP2 is recruited to the plasma membrane (PM) and contributes to endocytosis. [11] [12] [13] [14] [15] AP3 appears to be involved in the transition from protein storage to lytic vacuoles. [16] [17] [18] In addition to other factors such as the lipid composition surrounding the cargo, the recognition of a cargo by an AP complex is mediated by short peptide sequences, called sorting motifs, within the cargo. Similar to address labels, these sorting motifs determine
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the destination of the cargo and because they have to be accessible to the AP complex, they are positioned in the cytosolic domains of transmembrane proteins (reviewed in Bonifacino and Traub). 19 The best characterized sorting signals include tyrosine-based 20 and dileucine-based motifs. 21 Tyrosine-based YXXϕ motifs (where Y is tyrosine, X any amino acid and ϕ a bulky, hydrophobic amino acid)
are involved in plant endocytosis, and contribute to polar localization and vacuolar targeting. [22] [23] [24] They bind to the μ-adaptins of AP complexes and the X residues as well as the amino acid at position −1 relative to the tyrosine often contribute to binding preferences toward a specific μ-adaptin. [25] [26] [27] [28] In animals, dileucine motifs of the [D/E]XXXL[L/I]-type act as signals for basolateral targeting or endocytosis, and mediate localization to late endosomes, melanosomes or lysosomes. 19 They have been shown to interact with AP1, AP2 and AP3, particularly with hemicomplexes consisting of the large γ/α/δ-and the corresponding σ1 to 3 subunits, respectively. [29] [30] [31] In contrast, direct interactions between dileucine motifs and AP4 have never been documented. In fact, several dileucine motifs that have been shown to interact promiscuously with AP1, AP2 and AP3 hemicomplexes do not interact with the homologous AP4 hemicomplex in a yeast-three hybrid assay. 29, 32, 33 In Arabidopsis, dileucine-based motifs have been found to be essential for the sorting of inositol transporter 1 (INT1), 34 vacuolar iron transporter 1 (VIT1), 35 molybdate transporter 2 (MOT2), 36 the monosaccharide transporter ESL1, 37 the two-pore channel TPC1, 38 and the peptide transporters PTR2, PTR4 and PTR6. 39 However, for numerous proteins, sorting signals have not been identified yet. Moreover, the presence of a dileucine motif does not guarantee localization to any specific compartment. The mammalian glucose transporters GLUT8 and GLUT12, for example, do possess 40, 41 but localize to lysosomes and to the PM/ Golgi, 42 respectively. Similarly, GFP-fusions of murine TPC1 and TPC2 show isoform specific subcellular distributions, even in Arabidopsis protoplasts, where MmTPC1-GFP localizes to endosomal membranes, whereas MmTPC2-GFP localizes to the tonoplast (TP), 38 although both contain a dileucine motif.
[D/E]XXXL[L/I] motifs,
Moreover, multiple sorting pathways to the same compartment exist and involve different AP complexes. For example, AP1 (but not AP3) has recently been shown to interact with the dileucine motif of VIT1, which reaches the vacuolar membrane via the TGN and the prevacuolar compartment. 35 INT1 appears to follow this route as well. 34, 35 TP localization of sucrose transporter 4 (SUC4), on the other hand, strictly requires AP3.
34
AP4 has been characterized just recently in Arabidopsis. It localizes to the TGN, but shows only limited colocalization with AP1-positive organelles. 43 In a proteomics approach, Pertl-Obermeyer et al. 44 analyzed the membrane-protein composition of cellular fractions along a density gradient. They found ap4ß mutants to be depleted of cell wall proteins and showed that aquaporin sorting was affected by AP4 depletion, suggesting that the complex mediates trafficking to the PM. On the other hand, Fuji et al. 43 demonstrated that ap4 mutant seeds accumulated precursor forms of the soluble storage protein 12S-globulin in their dry seeds and also accumulated high levels of vacuolar sorting receptor 1 (VSR1). Moreover, it was
shown that AP4 interacts with VSR1 (via a tyrosine-based motif ) 43 and VSR4, 45 suggesting a role for AP4 in sorting to the prevacuolar compartment. Information on developmental defects of ap4 mutants, however, is still limited. The only morphological differences between
Arabidopsis ap4 mutants and wild-type (WT) described to date are general dwarfism 43 and short roots, 44 but the latter has been examined in only one mutant line lacking the ß-adaptin of Arabidopsis AP4.
More comprehensive analyses were thus not only fundamentally important, but will also contribute to the identification of further cargo proteins and sorting pathway(s) of the complex.
2 | RESULTS
| Arabidopsis ap4 mutants show pleiotropic morphological defects
To analyze the function of Arabidopsis AP4 in plant development, we examined mutant lines carrying a T-DNA insertion in the gene coding for the ß-subunit (ap4ß-1 44 and ap4ß-2
43
) or the medium subunit (ap4μ 43 ) of AP4. We further created ap4ß-2 ap4μ double knock-out (k.o.) plants to test for potential additive effects, and established stably transformed ap4μ mutants expressing the genomic sequence of AP4μ fused to GUS or GFP under control of the AP4μ-promoter (ap4μ/AP4μ Pro :AP4μ-GFP and ap4μ/AP4μ Pro :AP4μ-GUS) as complementation lines. Measurement of primary root lengths revealed that, identical to ap4ß-1 mutants, 44 ap4ß-2 and ap4μ mutants also developed significantly shorter roots compared to the WT ( Figure 1A ).
Moreover, all single and double k.o. lines showed significantly shorter hypocotyls compared to the WT when seedlings were grown in the dark ( Figure 1B ). Importantly, a double k.o. of the ß-and the μ-adaptin did not enhance these growth defects. Furthermore, WT-like growth was almost completely restored in ap4μ mutants expressing
AP4μ-GFP or AP4μ-GUS under control of the endogenous promotor.
In addition, we observed supernumerary branching of leaf trichomes in ap4 mutants ( Figure 1F ,G). On WT and complemented ap4μ mutant leaves, three-branched trichomes accounted for approximately 80% of the total trichome populations, but only for 50% in ap4ß-1, ap4ß-2, ap4μ or ap4ß-2 ap4μ plants. Instead, higher branch numbers, which were seen in only~15% of the trichomes from leaves of WT and complemented mutant plants, were observed in more than 40% of the trichomes in mutant lines.
Like trichomes, pollen tubes require concentrated action of cyto- To determine whether mutation of an AP4-adaptin impairs male fertility also in vivo, we examined the segregation of ap4ß-1, ap4ß-2 or ap4μ mutant alleles ( Figure 1E ). When pollen from heterozygous ap4ß/AP4ß (or ap4μ/AP4μ) plants was used to pollinate AP4ß/AP4ß (or AP4μ/AP4μ) pistils, the descendants showed a 15:85 segregation ratio of heterozygous to WT plants, indicating drastically reduced fertility of the mutant pollen. Among the descendants of the vice versa crossings, mutant and WT alleles segregated in an approximate 50:50 ratio, demonstrating that disruption of the ß-or μ-subunit of AP4
does not interfere with female, but specifically affects male fertility.
2.2 | Chlorosis of ap4 mutants under iron-deficient conditions is comparable to that of nramp3 nramp4 double mutants
When ap4 mutants were cultivated in growth chambers on soil, we occasionally observed slight interveinal chlorosis on mutant leaves.
This could indicate iron deficiency. To further examine the development of ap4 mutant seedlings with respect to metal supply, we switched to synthetic medium to be able to control iron-sufficient and iron-deficient conditions more precisely. As a control, we included nramp4-1 single k.o., and nramp3-1 nramp4-1 double k.o. plants, 46 for which characteristic iron-dependent phenotypes have been described earlier. 47, 48 In WT plants, NRAMP3 and NRAMP4 localize to the TP, releasing divalent cations (including iron)
to the cytosol. 47, 49 Because early seedling development requires remobilization of iron from the vacuole, a k.o. of both transporters results in chlorosis in young plants if iron is limited, and cannot be taken up from the growth medium. 48 In agreement with published data, 48 nramp3-1 nramp4-1 plants developed severe chlorosis under iron limitation ( Figure 1H , −Fe;
ABIS medium with 50 μM ferrozine), but greened normally when grown on medium supplemented with iron ( Figure 1H , +Fe; ABIS medium supplemented with 50 μM FeHBED). Accordingly, chlorophyll concentrations of nramp3-1 nramp4-1 were significantly lower than those of WT, when seedlings were grown without external iron-supply ( Figure S1 and Table S1 in Appendix S1, Supporting Information). Although chlorophyll concentrations of ap4 mutants were lower than in WT under both conditions, a statistically significant difference was only measured under iron-sufficient conditions, where cotyledons of ap4ß-1, ap4ß-2 and ap4μ mutant seedlings also appeared much smaller than those of the WT ( Figure 1H , +Fe). The latter is in agreement with observations of Fuji et al. 43 and also could explain the low amount of pigment we obtained from ap4 mutant seedlings (note that chlorophyll contents given in Figure S1 in Appendix S1 refer to a given number of seedlings as opposed to fresh weight). Qualitatively, greening appeared to be mildly impaired ( Figure 1H ). When grown under limited iron, ap4 single mutant lines developed chlorosis comparable to nramp3-1 nramp4-1 double mutants. Overexpression of NRAMP3-GFP or NRAMP4-GFP in nramp3-1 nramp4-1 yielded WT-like chlorophyll concentrations (on medium with or without iron). For ap4μ, stable transformation with the identical constructs resulted in slightly increased chlorophyll concentrations of seedlings grown on iron-supplemented medium.
Furthermore, ap4μ/35S Pro :NRAMP3-GFP plants grown under irondeficient conditions showed WT-like pigment levels ( Figure S1 ; Table S1 in Appendix S1), whereas chlorophyll levels of ap4μ/35S Pro :
NRAMP4-GFP plants were still reduced.
| GFP-fusions of NRAMP3, NRAMP4 and MOT2 are partially missorted in ap4 mutant protoplasts
To test whether chlorosis of ap4 mutants was due to participation of the AP4 complex in sorting of NRAMP3 and/or NRAMP4, we FIGURE 1 Ap4 mutants show reduced growth of roots, etiolated hypocotyls and pollen tubes, impaired male fertility, leaf trichome overbranching and chlorosis. A, Primary root lengths of Arabidopsis seedlings after 10 days on ½ strength MS medium with 2% sucrose. Columns represent means AE95% CI (n ≥ 12 independent seedlings from at least 3 experiments in total for each genotype). One-way ANOVA followed by Bonferroni and Holm multiple comparison was used to test for differences between genotypes. Asterisks above bars indicate significant (*P < .05) or highly significant (**P < .01) differences compared to the WT. Differences between other genotypes are indicated accordingly. B, Hypocotyl lengths of etiolated seedlings grown in the dark for 7 days on ½ strength MS medium with 2% sucrose. Columns represent means AE95% CI (n ≥ 9 independent seedlings from 3 experiments in total for each genotype). One-way ANOVA followed by Bonferroni and Holm multiple comparison was used to test for differences between genotypes. Asterisks above bars indicate significant (*P < .05) or highly significant (**P < .01) differences compared to the WT. Differences between other genotypes are indicated. C, Bright field images of in vitro germinated pollen of indicated plant lines after 2.5 hours incubation on medium. Scale bars represent 200 μm. D, Lengths of pollen tubes as treated in C. Columns represent means AE95% CI (n > 90 pollen tubes from 3 independent experiments in total for each genotype). Asterisks indicate significant (*P < .05) or highly significant (**P < .01) differences compared to the WT (above bars) or between other genotypes (as indicated), as determined via Kruskal-Wallis one-way ANOVA and all pairwise multiple comparison (Dunn's test with P-value adjusted according to the family wide error rate procedure of Holm). E, Genotypes regarding AP4ß and AP4μ alleles in the F1 descendants of cross-pollination experiments with WT (AP4/AP4) pistils and pollen from heterozygous ap4/AP4 plants, or vice versa. Bars represent mean values AE SD of the percentage of each genotype in the F1 generation of 2 (♀ ap4ß-1/AP4ß x ♂ AP4ß/AP4ß and ♀ ap4ß-2/AP4ß x ♂ AP4ß/AP4ß) or 4 (all other) independent crossing experiments (at least 28 siliques were obtained per combination from which all seeds were grown and analyzed). F, Representative images of WT, ap4ß-1, ap4μ, ap4ß-2 ap4μ and ap4μ/AP4μ Pro :AP4μ-GFP leaf trichomes. Scale bars represent 500 μm. G, Quantitative distribution of trichome classes in WT, ap4ß-1, ap4ß-2, ap4μ, ap4ß-2 ap4μ, ap4μ/AP4μ Pro :AP4μ-GFP and ap4μ/AP4μ Pro :AP4μ-GUS. Columns represent mean values −95% CI of the contribution of each trichome class to the total trichome population of a leaf (n ≥ 7 independent plants with trichomes of one leaf each rated per genotype). Numbers above bars indicate the total number of trichomes of which branch numbers were determined. Based on a KruskalWallis one-way ANOVA on ranks and an all pairwise multiple comparison (Dunn's test with P-value adjusted according to the family wide error rate procedure of Holm), branch counts of WT and complemented lines (ap4μ/AP4μ Pro :AP4μ-GFP and ap4μ/AP4μ Pro :AP4μ-GUS) differ significantly from ap4ß-1, ap4ß-2, ap4μ and ap4ß-2 ap4μ (P < .001, indicated by small letters And finally, GFP localization was categorized as in intracellular compartments ("IC"), when fluorescence was visible predominantly in internal structures other than the TP. As a reference, Figure S2 in Appendix S1 depicts the presence of protoplasts from each category within one transformation experiment (in this case, MOT2-GFP in ap4ß-1 protoplasts). In addition to WT and ap4ß-1, each construct was tested in ap4μ and ap4μ/AP4μ Pro :AP4μ-GUS protoplasts. The experiment was performed at least 3 times for each construct and genotype ( Figure 2B ). While GFP-INT1 sorting in mutant protoplasts was identical to that in the WT, quantification of MOT2-, NRAMP3-and NRAMP4-GFP resulted in distinct distribution patterns for each construct. NRAMP4-GFP was sorted preferentially to the PM in both ap4 mutant lines, with less than 20% of the transformed protoplasts displaying predominant TP localization, and less than 10% in intracellular structures. In contrast, NRAMP3-GFP and MOT2-GFP sorting was generally disturbed in a smaller fraction of mutant protoplasts, but NRAMP3 appeared to have a higher tendency to remain in or to be missorted to intracellular structures. In each case, results were comparable between ap4ß-1 and ap4μ mutants, and sorting defects were fully rescued in ap4μ/AP4μ Pro :AP4μ-GUS protoplasts ( Figure 2B ).
In line with these results, NRAMP3-or NRAMP4-GFP localized to the TP also in stably transformed nramp3-1 nramp4-1 mutants, but were partially mistargeted to the PM or to intracellular compartments (particularly NRAMP3-GFP) in ap4μ mutants stably transformed with identical 35S Pro :NRAMP-GFP cassettes ( Figure S3 in Appendix S1). and NRAMP4 to be possibly relevant for the targeting of these proteins to the TP. However, the function of these putative motifs was not experimentally confirmed. The lysosomal NRAMP homolog in animals, Slc11a1, has been shown to be sorted via an YGSI motif. 50 Moreover, both MOT2 and INT1 are known to be sorted via dileucine-based motifs: ETTTTPLL in MOT2 36 and NMEGLLE in INT1 34 (amino acids constituent to the dileucine motif are underlined; amino acids which, in the respective publication, have been exchanged for alanines to abolish TP sorting are highlighted in bold).
|
But whereas MOT2, having an N-terminal dileucine motif, showed partial missorting in the absence of AP4, INT1, with the sorting signal included in the C-terminus, did not.
To investigate whether the putative motifs in the N-termini of NRAMP3 and NRAMP4 are necessary for their sorting to the TP, we generated GFP-fusions of both proteins, in which the leucine residues Figure 4 , those for NRAMP4-mutant constructs in Figure 5 .
In case of NRAMP3, both, ENNEPLL, as well as ENNEPLLI, corre- 
| AP4 does not interact (directly) with Nterminal domains of NRAMP3 or NRAMP4
TP localization of VIT1 has been shown to require AP1, which interacts with a dileucine motif located in the N-terminus of the iron transporter. Comparable to NRAMP3 and NRAMP4 in the ap4 mutants, VIT1 (and INT1) are partially missorted to the PM and intracellular compartments when cells are depleted for AP1. 35 To test whether an interaction between AP4 and the N-terminus of NRAMP3 or NRAMP4 (or the dileucine motifs therein) analogously account for the altered subcellular distribution of these proteins in ap4 mutants, we initially performed yeast-two hybrid assays, but could not detect an interaction between any of the four AP4 adaptins and the N-terminus of NRAMP3 or NRAMP4 ( Figure S5A in Appendix S1). In several instances, interactions with dileucine motifs require at least two adaptins of the appropriate AP complex (usually a hemicomplex comprising the large non-ß subunit and the corresponding σ subunit). 29, [31] [32] [33] We, therefore, also tested for a potential interaction Appendix S1). Although AP4μ-3xHA was detectable in the pull-down fraction, this interaction appeared to be unspecific as it also occurred in the negative control (cytosolic GFP).
3 | DISCUSSION
| AP4 acts as an obligatory complex
In this study, we demonstrate that Arabidopsis seedlings with mutations affecting the ß-or μ-adaptin of AP4 display numerous abnormalities, such as reduced growth of roots, etiolated hypocotyls and pollen tubes, as well as supernumerary trichome branching and chlorosis. All these developmental defects were identical in ap4ß and . 52 In addition, patients with mutations in either AP4ß, μ or ε, show decreased protein levels of both AP4ß and AP4ε. [53] [54] [55] [56] [57] The fact that developmental defects of Arabidopsis mutants lacking the ß-subunit of AP4 resemble those of ap4μ mutants corresponds to the results obtained in human patients.
Similarly, loss of either subunit in Arabidopsis might also lead to a degradation of the remaining subunits, possibly due to a lack of function or assembly of the AP4 complex. In turn, this agrees with the absence of phenotype enhancements in the plant ap4ß-2 ap4μ double mutant.
This parallel is additionally supported by the finding of PertlObermeyer et al., 44 who repeatedly observed that μ-and σ-subunits of AP4 were not detectable in protein fractions of Arabidopsis ap4ß-1.
| Connections to the AP1-pathway and the cytoskeleton
In contrast to complete k.o.s of AP1 adaptins which are embryonic lethal, 6, 58 Arabidopsis ap1m2 (ap1m2-1 and hap13-1) mutants (lacking the more highly expressed isoform of the AP1μ-subunit) are viable. 7, 8 Interestingly, with the exception of trichome branch numbers, which seem to be opposingly affected by a depletion of AP1 9,10 or AP4, the developmental defects we observed in ap4ß-1, ap4ß-2, ap4μ and ap4ß-2 ap4μ are similar to what has been described for ap1m2
mutants. For example, we demonstrated that depletion of AP4 results
in root-growth-retardation and fertilization defects, which similarly has been shown for Arabidopsis ap1m2 mutants. 7, 8, 10 This indicates that AP1 and AP4 possibly recognize overlapping sets of at least some cargo proteins and hence, AP1 might be able to partially compensate AP4 deficiencies. Contributing to this hypothesis, recent studies showed that AP1 and AP4 both localize to subcompartments of the TGN in Arabidopsis. 7,9,10,43 Moreover, both have been shown to be involved in protein sorting to the prevacuolar compartment. 35, 43 In HeLa cells, it was recently demonstrated that a sudden decrease of AP1 vesicles via a knocksideways approach upregulates AP4 vesicle formation, which further suggests a connection between AP1 and AP4 transport pathways. 59, 60 With respect to the supernumerary branching of ap4ß-1, ap4ß-2, ap4μ and ap4ß-2 ap4μ trichomes, it might be noteworthy that a similar phenotype has also been described for mutants lacking the kinesin motor protein KIN13A. 61 Interestingly, in animals it was shown that proteins of the kinesin superfamily are able to interact with AP complexes. 62 Moreover, the kinesin family member 3B (KIF3B) was reported to interact with the dileucine motif containing kidney anion exchanger 1 (kAE1). 63 Furthermore, mutations affecting specific kinesin motor proteins, like KIF1A and KIF5A, are also related to HSP in humans, as are mutations in AP4 adaptins as described above. 64, 65 Therefore, KIN13A might act together with AP4 to regulate trichome branching events in Arabidopsis.
| AP4 participates in sorting of transmembrane proteins to the TP
In addition to a detailed characterization of ap4 mutant morphology, we were also able to provide clear evidence for a participation of In addition, we observed only weak expression of NRAMP4-GFP in stably transformed ap4μ plants, which might not suffice to complement chlorosis (in contrast to the stronger expression of NRAMP3-GFP in ap4μ). Comparable to NRAMP3, NRAMP4 and MOT2, INT1 consists of about 500 amino acids and localizes to the TP in WT. 36, 47, 49, 66 In addition, TP targeting of all four proteins depends on dileucine-based motifs. 34, 36 But in contrast to GFP-INT1, MOT2-GFP, NRAMP3-GFP and NRAMP4-GFP were partially rerouted to the PM and to intracellular compartments in ap4ß-1 and ap4μ mutants. Wang et al. 35 labeled only the PM. [34] [35] [36] While it is possible that yet another adaptor can partially compensate for a loss of AP4 or AP1 in sorting of these cargo molecules, it might just as well suggest that the remaining TP localization was due to partial mutual compensation of AP4 by AP1, and/or vice versa, which will be interesting to examine in the future.
Apart from this, the fact that missorting of VIT1 and INT1, 35 or of NRAMP3, NRAMP4 and MOT2 (as an effect of AP1-or AP4-depletion, respectively) occurs (at least partially) to the PM for all of these cargo proteins, contrasts the behavior of the TP localized AP3
cargo (GFP-)SUC4, which is relocated to the cis-Golgi in ap3ß mutants. 34 Furthermore, in ap3ß GFP-SUC4 appeared to be redistributed to the cis-Golgi entirely, 34 whereas fractions of the GFP-labeled cargos of AP1 (INT1, VIT1), 35 or of AP4 (NRAMP3, NRAMP4, MOT2) still reached the TP in the absence of the respective adaptor. Overall this further contributes to the notion that the AP1 and AP4 complexes might share some overlapping tasks in protein sorting.
| TP localization of NRAMP3 and NRAMP4 requires non-classical dileucine-based motifs
We could show that in WT, correct sorting of NRAMP3-GFP and 
| N-terminal domains of NRAMP3 and NRAMP4 mediate AP4 dependent sorting via an indirect mechanism
In Arabidopsis direct interactions of the AP4 complex have so far only been demonstrated for vacuolar sorting receptors VSR1 and VSR4 via a tyrosine-based motif. 43, 45 Similarly, in animals, AP4 is known to interact with YXX-type sequences, for example, in CD63, 4 LAMP-1 28 and LAMP-2a. 67 However, these interactions are weak and the localization of these proteins is not affected by depletion of AP4. 68, 69 In contrast, localization of human amyloid precursor protein shifts from endosomes to the TGN if the interaction between its YKFFEE peptide and the μ-subunit of AP4 is abolished. 70 In addition, AP4 has been implicated to mediate basolateral sorting 68 Mtv1-1 and particularly mtv1-1 nev/agd5 double mutants show increased levels of the precursor form of 12S-globulin and VSR1, as was also shown for ap4 mutants. 43, 83 It also localizes to the TGN and although it already appears to interact with clathrin, it might be a candidate accessory protein of Arabidopsis AP4.
| Outlook
In this study, we were able to identify N-terminal dileucine-based sorting motifs to be required for sorting of NRAMP3 and NRAMP4
to the vacuolar membrane. NRAMP5 has not been analyzed specifi- While we could clearly demonstrate that the presence of AP4 is required for the correct sorting of NRAMP3-, NRAMP4-and MOT2-GFP, which are partially missorted to the PM in ap4 mutants, the precise mechanism remains unclear. Nevertheless, in addition to AP1 
| Genotyping of mutant lines and segregation analysis
The primers LB3 and AP-4g + 3205r were used in a PCR to detect the k.o. allele in ap4ß-1 and ap4ß-2. AP-4g + 1127f and AP- 
| Pollen germination assays
In vitro pollen germination and growth analysis was done as described, 91 with 250 mM sucrose in the medium. Images of pollen tubes were taken after 2.5 hours incubation. Lengths of germinated pollen tubes were measured using ImageJ 1.47, as previously described. 92 
| Cloning of constructs for expression in Arabidopsis
The vector carrying 35S Pro :MOT2-GFP was kindly provided by Ekkehard Neuhaus (University of Kaiserslautern) and has been published in Gasber et al. 36 The plasmid coding for GFP-INT1 (pSW53) and the PM marker (pSS74) encoding INT4-RFP have been published in Wolfenstetter et al. 34 To generate fusion proteins of NRAMP3 or NRAMP4 with GFP or RFP, the respective CDSs were amplified by PCR from A. thaliana and verified by sequencing. To generate fluorophore fusion constructs, expressed under the control of the 35S promoter for transient transformation of mesophyll protoplasts, the above-described fragments were excised from pJET1.2 with NcoI or PciI as indicated above and inserted into the unique NcoI cloning sites of pCS120 93 for GFP-fusions, and pSE35e-C for RFP-fusions to the C-terminus. To generate analogous constructs for stable transformation, the same fragments were inserted into the unique NcoI cloning site of pSB30. 94 From there, the resulting 35S Pro :NRAMP3-GFP or 35S Pro :
NRAMP4-GFP cassette could be excised with AscI and SpeI (35S Pro :
NRAMP3-GFP), or with AscI and XhoI (35S Pro :NRAMP4-GFP). These fragments were then ligated into a vector-fragment of pSS59
(a derivative of AK1472B 95 ), from which the original insert had been removed using AscI and SpeI. 
| Protoplast isolation, polyethylene glycolmediated transformation of protoplasts
For transient transformation, Arabidopsis mesophyll protoplasts were generated 98 and transformed 99 as described. Transformed Arabidopsis protoplasts were incubated in the dark at 22 C prior to confocal analysis. Osmotic lysis of protoplasts was performed as described. At least 5 independent images were analyzed per colocalization study.
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